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We study the quantum beats in the polarization of the photon echo from donor-bound exciton
ensembles in semiconductor quantum wells. To induce these quantum beats, a sequence composed
of a circularly polarized and a linearly polarized picosecond laser pulse in combination with an
external transverse magnetic field is used. This results in an oscillatory behavior of the photon
echo amplitude, detected in the σ+ and σ− circular polarizations, occurring with opposite phases
relative to each other. The beating frequency is the sum of the Larmor frequencies of the resident
electron and the heavy hole when the second pulse is polarized along the magnetic field. The beating
frequency is, on the other hand, the difference of these Larmor frequencies when the second pulse is
polarized orthogonal to the magnetic field. The measurement of both beating frequencies serves as a
method to determine precisely the in-plane hole g factor, including its sign. We apply this technique
to observe the quantum beats in the polarization of the photon echo from the donor-bound excitons
in a 20-nm-thick CdTe/Cd0.76Mg0.24Te quantum well. From these quantum beats we obtain the
in-plane heavy hole g factor gh = −0.143± 0.005.
PACS numbers:
Quantum beats are a phenomenon due to resonant co-
herent excitation of (at least) two discrete quantum me-
chanical states with different energies, leading to a su-
perposition state. Quantum beats can be manifested by
oscillations in the coherent optical response of the system
due to interference of the excited polarizations, where the
oscillation frequency corresponds to the energy difference
between the levels [1]. A typical example are the oscilla-
tions observed in resonance fluorescence or other coherent
spectroscopy techniques from excitons in semiconductors,
which can be represented by V-type energy level arrange-
ments with a common crystal ground state that is opti-
cally coupled to two split excited exciton states [2–15].
Quantum beats on excitons in semiconductors and their
nanostructures have been observed for a large variety of
excited states corresponding to the beating between, e.g.,
heavy- and light-hole excitons [2–4], the exiton states of
a fine structure doublet with different spin configurations
[5–8], as well as neutral and charged excitons [9–12]. Ap-
plication of a magnetic field can be used to split (quasi-
degenerate) excitonic states by the Zeeman effect and to
observe the corresponding quantum beats in the polar-
ized optical response [5, 13, 14]. In this case, the splitting
of the optically active exciton states, having opposite an-
gular momentum projections ±1 onto the quantization
axis along which also the magnetic field is applied, leads
to quantum beats in the polarization rather than the in-
tensity of the emitted light. The period of the oscilla-
tions corresponds to the Zeeman splitting between the
spin levels and can be used for evaluation of the g factors
of the excitons. Another advantage of the Zeeman effect
induced quantum beats is given by the possibility to tune
and control the beating frequency by the magnetic field.
Along with neutral excitons which comprise an
electron-hole pair, excitonic complexes such as donor-
bound excitons and three-particle charged excitons (tri-
ons) can exist in quantum well (QW) and quantum dot
structures [16]. Currently, these excitonic complexes at-
tract attention for application in spintronics since they
can be used as a pathway to optically control the spin
state of resident carriers in semiconductor nanostructures
[17–20]. The energy level structure of these complexes is
different from the V-type energy level arrangement. The
ground and lowest optically excited states are each repre-
sented by a Kramers doublet at zero magnetic field. Each
of the two ground states is optically coupled to one of the
excited states, and the two optical transitions have oppo-
site circular polarizations, as shown by the two arms in
Fig. 1(a). A magnetic field in Faraday geometry splits the
degeneracy of the doublets, but does not introduce a cou-
pling between the two arms and, therefore, no quantum
beats are observed. Here, it should be noted that most
of the experiments on the coherent optical response of
excitonic complexes (e.g. resonant fluorescence and four-
wave mixing) were performed using the Faraday geome-
try. Using the Voigt geometry, the magnetic field leads
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2to doubly coupled Λ energy schemes [20–22]. Four-wave
mixing experiments on trions in Voigt geometry were per-
formed only recently. [21, 23–25] There quantum beats
at the Larmor precession frequency were observed for the
intensity of the photon echo. However, no polarization
quantum beats were recorded in this system yet.
In what follows we will demonstrate that quantum
beats can be induced in the polarization of the pho-
ton echo (PE) generated by donor-bound excitons (D0X)
by applying a sequence of circularly and linearly po-
larized pulses in the presence of a transverse magnetic
field. These quantum beats carry information about the
Larmor precession of both the resident electron and the
heavy hole in D0X. Therefore, the quantum beats in the
PE polarization represent a tool for measuring both the
in-plane electron and hole g factors.
In more detail, we consider the PE generated by an en-
semble of D0X in a QW subject to a transverse magnetic
field. Excitation by two short laser pulses separated by a
time interval τ results in PE emission occurring at time
τ after the second pulse, as shown in Fig. 1(b).
The D0X can be represented by a four-level system as
displayed in Fig. 1(a). The two ground states have elec-
trons with total angular momentum projections |±1/2〉
on the z axis parallel to the structure growth direction.
The two excited levels correspond to the D0X states with
total angular momentum projections |±3/2〉, associated
with the heavy hole spin. The left and right arms of
this system can be independently addressed by circularly
polarized light (σ+ and σ−) as dictated by the optical
selection rules.
The external magnetic field is applied in the Voigt ge-
ometry (B||x), as illustrated in Fig. 1(c). Since the basis
states have spin projections perpendicular to the mag-
netic field axis, the ground states |±1/2〉 are degenerate
and mixed. The electron spins precess about the B direc-
tion at the Larmor frequency ωe = |ge|µBB/~, where ge
is the in-plane electron g factor, µB is the Bohr magneton
and ~ is the Planck constant. Similarly, the two degener-
ate D0X states with |±3/2〉 are mixed and the hole spins
precess at the Larmor frequency ωh = |gh|µBB/~, where
gh is the in-plane heavy hole g factor.
The emergence of oscillations in the PE amplitude can
be understood with the help of Fig. 2. For simplicity,
we neglect here the hole spin precession (gh = 0), any
dispersion of the in-plane electron g factor (∆ge = 0),
and also relaxation processes. We assume that the pulse
duration τp is short compared to the Larmor precession
period and the delay of the second pulse: τp  2pi/ωe
and τp  τ .
By the excitation with the first σ+ polarized pulse,
the ensemble of coherent superposition states on the left-
hand side of the energy scheme corresponding to the
(|+1/2〉,|+3/2〉) states is created. If the electron spins
perform an integer number of full revolutions about the
magnetic field until the second pulse arrival, then the co-
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FIG. 1: Photon echo from D0X: (a) Energy scheme of D0X.
Small blue and orange arrows indicate the hole and electron
spin orientations along z axis, respectively. (b) Timing of
PE experiment. (c) Geometry of the experiment: Excitation
with σ+ (k1) and linearly polarized (k2) pulses results in σ
+
or σ− PE (2k2−k1) depending on delay τ and magnetic field
B. Circles with arrows in (a) and (c) indicate the mixing of
states by the magnetic field.
herent ensemble has returned to the left-hand side of the
scheme, as if no magnetic field was applied [See Fig. 2(a)].
The linearly polarized second pulse inverts the popula-
tions of the ground and excited states and starts the en-
semble rephasing. This results in a σ+ polarized PE
emitted after the same number of electron spin revo-
lutions as before the second pulse. When the second
pulse arrives after an odd number of Larmor precession
half-periods, it transfers the coherent ensemble from the
(|−1/2〉,|+3/2〉) to the (|+1/2〉,|−3/2〉) superposition, as
shown in Fig. 2(b). As a result, a σ− polarized PE is
emitted. Variation of either the magnetic field strength
B at τ=const or of the delay τ at B=const causes a peri-
odic alternation of the PE circular polarization between
σ+ and σ−.
In order to describe this effect analytically and study
its consequences, we employ the spin-optical Hamilto-
nian, taking into account the electron and hole spin pre-
cession, in the form
Ĥ =
~
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FIG. 2: Temporal evolution of D0X energy diagram. The
hole spin precession is neglected (gh = 0). The first pulse is
σ+ polarized. (a) The second, linearly polarized pulse arrives
after an integer number n of electron spin precession periods,
ωeτ = 2npi. The PE is emitted in the σ
+ polarization. (b)
The second pulse arrives after an odd number of electron spin
precession half-periods, ωeτ = (2n+1)pi. The PE polarization
helicity is inverted to σ−.
Here, f± = − 2eiωt~
∫
d(r)Eσ±(r, t)d
3r are the envelopes
of the circularly polarized components of the light
pulse with Eσ± being the electric field amplitudes with
the corresponding circular polarizations, ω is the cen-
tral frequency of the light pulses, which is close to
the D0X optical transition frequency, ω0, and d(r) =
〈+1/2| dˆ+(r) |+3/2〉 = 〈−1/2| dˆ−(r) |−3/2〉 are the com-
ponents of the electric dipole moment operator. The
Hamiltonian is composed in correspondence with the
level numbering given in Fig. 1(a).
The coherent evolution of the D0X ensemble under the
action of the optical and external magnetic fields can
be described using the optical Bloch equations. We use
the rectangular approximation for the optical pulses and
neglect the magnetic field during the pulse action. The
in-plane g factors of the election and hole are considered
to be isotropic.
We write down the PE amplitude detected in σ+ or σ−
circular polarization for two linear polarizations of the
second pulse: H is the horizontal polarization parallel to
the magnetic field (||B) and V is the vertical polarization
orthogonal to it (⊥ B) [26]:
Pσ+H→σ+ ∝
[
1 + cos(ωe + ωh)τ
]
e−2τ/T2 ,
Pσ+H→σ− ∝
[
1− cos(ωe + ωh)τ
]
e−2τ/T2 ,
Pσ+V→σ+ ∝
[
1 + cos(ωe − ωh)τ
]
e−2τ/T2 ,
Pσ+V→σ− ∝
[− 1 + cos(ωe − ωh)τ]e−2τ/T2 , (2)
where T2 is the pure optical dephasing time.
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FIG. 3: Dependence of the absolute value of the PE amplitude
on the τB product calculated using Eqs. (2). The second
pulse is: (a) H polarized; (b) V polarized. Here ge = 5gh and
T2 =∞ is assumed.
Figure 3 displays the analytically calculated absolute
values of the PE amplitudes neglecting optical relaxation
(T2 =∞). For the H polarized second pulse, the PE os-
cillates between maximum amplitude and zero at the sum
precession frequency, ωe+ωh. On the other hand, apply-
ing the V polarized second pulse results in PE oscillations
at the difference precession frequency, ωe − ωh. The PE
amplitudes detected in the σ± polarizations oscillate with
opposite phases. Thus, measuring the PE oscillations for
the H and V polarized second pulse, e.g. in the Pσ+H→σ+
and Pσ+V→σ+ configurations, allows obtaining both the
in-plane electron and hole g factors. The sign of gh can
be also obtained, if the sign of ge is known. Equal signs of
the two g factors result in a higher oscillation frequency
in the Pσ+H→σ+ configuration than in the Pσ+V→σ+ con-
figuration, and vice versa. We note that the theory works
also for trion (negative or positive), since it is described
by an energy scheme similar to Fig. 1(a).
Taking into account the finite dispersions of the elec-
tron and hole in-plane g factors, ∆ge and ∆gh, leading to
spin dephasing, results in an exponential damping of the
oscillation amplitude ∝ exp [−τ2µ2BB2(∆g2e+∆g2h)/2~2]
for a normal distribution of the g factors. Thus, applying
a sufficiently large delay τ or magnetic field B results in a
non-oscillating PE signal that decays exponentially with
the T2 time constant when the delay τ is scanned.
To verify experimentally these concepts, we used a 20-
nm-thick CdTe/Cd0.76Mg0.24Te single QW (032112B).
The structure was grown by molecular-beam epitaxy
on a [100]-oriented GaAs substrate. The QW layer
sandwiched between 100-nm-thick Cd0.76Mg0.24Te bar-
riers contains a background density of donors of nd <
1010 cm−2. The photoluminescence (PL) spectrum of
this QW is shown in Fig. 4(a) and exhibits three features
associated with the neutral exciton (X) at 1.601 eV, the
trion (X−) at 1.5980 eV, and the D0X at 1.5973 eV.
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FIG. 4: Summary of experimental results obtained on a 20-
nm-thick CdTe/Cd0.76Mg0.24Te single QW: (a) PL spectrum
measured at 2 K temperature (black line). Filled area in-
dicates the laser pulse spectrum centered at 1.5973 eV. (b)
Magnetic field dependences of the PE amplitude measured on
D0X in the σ+H→ σ± and σ+V→ σ± configurations. Pulse
delay τ = 200 ps. Data are normalized to the amplitude of 2.
Dotted lines are model fits.
The sample cooled down to about 2 K was excited by
a sequence of two 2.3 ps pulses with the central energy
of 1.5973 eV, whose spectrum is shown in Fig. 4(a). The
pulses with the wavevectors k1 and k2 close to the sam-
ple normal were separated by the time delay τ = 200 ps
and focused into a spot of about 250 µm in diameter.
The pulse intensities were adjusted such that they corre-
spond to about pi/2 pulse area (6 pJ) based on previous
studies [27]. The PE was detected in reflection geometry
along the 2k2 − k1 direction, as illustrated in Fig. 1(c).
A reference pulse delayed by 2τ = 400 ps with respect
to the first pulse was used for an interferometric mea-
surement of the PE amplitude. The reference pulse po-
larization was set to σ+ or σ− to analyze the PE in the
according polarization. The detected signal intensity is
I ∝ |Re(EPEE∗Ref )|, where EPE and ERef are the PE
and reference pulse amplitudes, respectively. The mag-
netic field was applied in the QW plane. More details of
the experimental technique can be found in Ref. [28].
For measuring spin-dependent PE we have chosen the
D0X transition since it shows better coherence proper-
ties than the X− transition. These include longer optical
coherence times up to T2 = 100 ps (∼ 80 ps for X−) and
more robust optical Rabi oscillations in the PE amplitude
[27]. As a result, we are able to apply higher pulse pow-
ers and to set substantially longer delay times τ (200 ps),
avoiding strong excitation-induced dephasing.
Measurements of the oscillating spin-dependent PE
from the D0X ensemble in the studied QW structure are
summarized in Fig. 4(b). The oscillations are induced by
varying the magnetic field strength, resulting in a sweep
of the electron and hole Larmor frequencies that scale lin-
early with B. These oscillations correspond well to the
theoretical model: They are opposite in phase for σ± po-
larized detection and exhibit different frequencies with a
ratio of about 5:4 for the H and V polarized second pulse
(periods of 0.208 T−1 and 0.250 T−1), respectively.
These data were analyzed taking into account the
heavy hole g factor dispersion ∆gh. We assume ∆ge ≤
1% and thus neglect it [29]. As a result, we find the in-
plane electron and hole g factors to be ge = −1.583 ±
0.005 and gh = −0.143 ± 0.005, respectively. The nega-
tive sign of the electron g factor is taken here following
the sign-sensitive studies on bulk CdTe [30, 31]. The
obtained heavy hole g factor dispersion is ∆gh ≈ 0.07.
We note that scanning of the magnetic field strength
instead of the pulse delay τ allows neglecting the relax-
ation processes such as pure optical dephasing. More-
over, the diamagnetic shift of the D0X transition within
0.3 meV, which we observe at B = 3 T, is also negligible.
The in-plane heavy hole g factor might be notably
anisotropic and thus sensitive to the in-plane orientation
of the applied magnetic field with respect to the crystal-
lographic axes. The reason for that is the presence of
various interactions due to heavy and light hole splitting
contributing to gh, such as strain-induced interaction or
non-Zeeman interaction due to the cubic symmetry [32–
34]. As a result, the heavy hole experiences an effective
magnetic field, which may deviate from that externally
applied. Thereby, the observed oscillations can be sensi-
tive to the angle of the sample orientation around the z
axis. Here we employ a fixed angle of about 90◦ between
the magnetic field axis and the [010] crystal direction and
do not study the in-plane gh anisotropy, which is subject
of future studies.
To conclude, we have demonstrated that by applying a
sequence of circularly and linearly polarized laser pulses
to an ensemble of donor-bound excitons in a QW and
varying the strength of the applied transverse magnetic
field one can induce quantum beats in the photon echo
polarization. As a consequence, the circular polariza-
tion of the photon echo can be switched between σ+ and
σ− in a controllable way by means of varying either the
magnetic field strength or the pulse delay. From the ob-
served oscillations in the photon echo amplitude one can
precisely extract both the in-plane electron and hole g
factors. This method can be applied in particular to
systems with the hole spin weakly interacting with the
magnetic field, where other optical methods such as PL
spectroscopy, pump-probe Faraday rotation, or spin-flip
Raman scattering are not suitable in this case.
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